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Using Generalized Beam Theory (GBT) to Assess the 
Buckling Behavior of Cold-formed Steel Structural Systems 
 
Cilmar Basaglia1 and Dinar Camotim2 
 
Abstract 
This paper deals with the application of beam finite element models based 
on Generalized Beam Theory (GBT) to analyze the buckling behavior of 
three cold-formed steel structural systems, namely (i) beams belonging to 
storage rack systems, (ii) portal frames built from rectangular hollow section 
(RHS) profiles and (iii) roof-supporting trusses, exhibiting different support 
conditions and subjected to various loadings. In particular, taking advantage of 
the GBT unique and structurally clarifying modal features, it is possible to 
assess how different geometries and/or bracing arrangements affect (improve) 
the local, distortional and/or global buckling behavior of the above structural 
systems. The accuracy of the GBT-based buckling results is assessed through 
the comparison with values yielded by rigorous shell finite element analyses 
carried out in the code ANSYS. In spite of the disparity between the numbers of 
degrees of freedom involved, which are orders of magnitude apart, there is a 
virtual coincidence between the critical buckling loads and mode shapes 
provided by the GBT (beam) and ANSYS (shell) finite element analyses. 
Introduction 
Cold-formed steel structural systems commonly used in the construction 
industry are very often formed by slender open-section thin-walled members, 
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which exhibit a very low torsion stiffness and a high susceptibility to instability 
phenomena, namely local, distortional and/or global buckling. This fact 
explains why assessing the structural response of such structural systems 
constitutes a complex task, which typically requires the performance of either 
(i) costly and carefully planned experimental tests  (e.g., Dubina 2008) or (ii) 
sophisticated, time-consuming (including data input and result interpretation) 
and computer-intensive shell finite element analyses  (e.g., Jakab 2009) − 
while the latter approach is still prohibitive for routine applications, the former 
one (i) obviously involves only fairly simple structural systems and, moreover, 
(ii)  is restricted to research applications and validation purposes. 
In order to render the analysis of thin-walled steel structures computationally 
simpler and more accessible to practitioners at the preliminary design stages, 
while not having to sacrifice meaningfully the accuracy of the results obtained, 
it is indispensable to develop easy-to-use numerical tools based on beam finite 
element models. One very promising route that has been explored in the last 
decade is the use of Generalized Beam Theory (GBT) − a beam theory that 
incorporates genuine folded-plate concepts. In this context, the authors 
have recently developed, implemented and validated GBT-based beam finite 
elements capable of analyzing the local, distortional and global buckling 
behavior of thin-walled steel beams, frames and trusses with localized supports, 
such as those characterizing bracing systems, and by an arbitrary loading 
(e.g., Camotim et al. 2008, 2010, Basaglia and Camotim 2010, 2011, 2012). 
The main objective of this work is to present and discuss numerical results 
that illustrate the application, capabilities and potential of the GBT-based 
beam finite elements mentioned in the previous paragraph. These numerical 
results concern the buckling behavior of three cold-formed steel structural 
systems, namely (i) beams belonging to storage rack systems, (ii) portal frames 
built from rectangular hollow section (RHS) profiles and (iii) roof-supporting 
trusses, exhibiting different support conditions and subjected to various 
loadings. Taking advantage of the GBT unique and structurally clarifying 
modal features, it is possible to assess how different geometries and/or bracing 
arrangements affect (improve) the local, distortional and/or global buckling 
behavior of these structural systems. The accuracy of the GBT-based buckling 
results is assessed through the comparison with values provided by rigorous 
shell finite element analyses carried out in the code ANSYS (SAS 2009). 
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About Generalized Beam Theory 
Since the cross-section displacement field is expressed as a linear combination 
of structurally meaningful deformation modes (of the whole cross-section), 
GBT analyses involve solving equilibrium equations that are written in a very 
convenient and clarifying modal form, leading to solutions that provide in-depth 
insight on the mechanics of the structural response under consideration. Thus, 
the analysis of the buckling behavior of a given structure (solution of an 
eigenvalue problem, consisting of buckling loads and mode shapes), must be 
preceded by a set of (preliminary) cross-section analyses (one for each distinct 
member cross-section), which are aimed at (i) identifying the corresponding 
deformation mode sets and (ii) evaluating the associated modal mechanical 
properties. This unique GBT modal decomposition provides the means for (i) 
a computationally very efficient member (buckling) analysis and (ii) a very 
clear and illuminating interpretation of the structural system buckling behavior. 
Consider the prismatic thin-walled member with the (supposedly arbitrary) 
cross-section depicted in figure 1, also displays the local coordinate axes 
considered in each wall. In GBT, the wall mid-plane displacement components 
u(x,s), v(x,s) and w(x,s) are given by (see fig. 1 and note that s is a coordinate 
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where (i) (.)
,x ≡ d(.)/dx, (ii) the summation convention applies to subscript k, (iii) 
functions uk(s), vk(s), wk(s), obtained after performing the cross-section analysis 
(Gonçalves et al. 2010), characterize deformation mode k and (iv) function 












Fig. 1: Prismatic thin-walled member, with an arbitrary cross-section, and considered 
wall local coordinate axes and displacement components 
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Once all the deformation modes and modal mechanical properties are known, the 
member buckling eigenvalue problem can be straightforwardly established and 
is defined by the GBT equilibrium equation system 
 
( )[





















 , (2) 
 
where (i) λ is the load parameter (proportional loading is assumed), (ii) Cik, 
Dik and Bik are cross-section modal mechanical properties (while Cik and Dik 
concern the warping displacements and torsional rotations, Bik stems from the 
local deformations − wall bending), (iii) σjikX and τjikX  are geometric stiffness 
components associated with the pre-buckling (iii1) normal stress resultants 0jW  
(e.g., axial force or bending moments) and (iii2) shear stresses caused by the 
longitudinal stress gradients (non-uniform internal forces and moments), all 
of which are defined in Bebiano et al (2007). 
Beams in Storage Rack Systems 
One possible and efficient way of improving the resistance of a thin-walled 
member against distortional failure (i.e., to increase its distortional critical 
buckling stresses) consists of using batten plates joining the lip ends at a few 
cross-sections evenly or unevenly spaced along the member length, thus 
preventing their distortion. Figure 2 illustrates this procedure, as it shows (i) a 
uniformly compressed rack-section member with a batten plate at mid-span 
and (ii) the corresponding critical (distortional) buckling mode shape − due to 








Fig. 2: Distortional buckling mode of (a) unrestrained and  
(b) restrained (batten plate) members 
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Next, GBT buckling analyses are performed to investigate the distortional 
buckling behavior of cold-formed steel beams typically used in the industrial 
storage systems (rack structures) depicted in figure 3(a), where they are acted 
by transverse loads directly transferred from pallets − in this work, the common 
loading conditions shown in figure 3(b) are considered. 
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Fig. 3: (a) Storage rack structure and (b) beam loading and bending moment 
diagram stemming from the presence of a pallet 
 
The rack-section beams analysed (i) exhibit the cross-section geometry and 
dimensions indicated in figure 4(a), which correspond to a practical application, 
(ii) have length L=200cm, which ensures the occurrence of predominantly 
distortional critical buckling modes (with or without batten plates) and (iii) 
display fixed end supports, i.e., all displacements and rotations are prevented at 
the end cross-sections − moreover, all transverse point loads are deemed 
applied at the cross-section shear centres. Since the GBT cross-section analysis 
is performed for the discretization shown Figure 4(a), its deformed 
configuration is expressed as a linear combination of 24 deformation 
modes − figure 4(b) displays the in-plane shapes of the 6 most relevant ones. 
The objectives of this investigation, based on distortional buckling analyses, are 
two-fold: (i) to address the determination of the optimal batten plate locations, 
in the sense that they maximise the distortional restraint, and (ii) to assess the 
influence of the batten plate width on the bracing effect, i.e., on the amount of 
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(b) 
Fig. 4: Beam cross-section (a) geometry and GBT discretisation, and (b) 6 most relevant 
deformation modes 
 
In the context of distortional deformations (see fig. 5(a)), the GBT analyses 
incorporate the effect of the batten plates through the imposition of constraint 
conditions in the member stiffness matrix (Camotim et al. 2008) − these 
constraints amount to imposing a fixed distance between the top and bottom 
flange-lip corners of the restrained cross-sections (points At and Ab in fig. 
5(b)), thus modelling the batten plate influence. If the beam wall thickness is 
smaller that the batten plate one, it seems acceptable to assume that the latter 
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 (a) (b) 
Fig. 5: Distortional buckling modes of the (a) unrestrained and (b) restrained 
(with a batten plate) members 
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where (i) N and m are the deformation mode and intermediate cross-section 
node numbers considered and (ii) x defines the longitudinal location of the 
restrained cross-section. Note that this restraint condition involves only the 
distortional deformation modes since, by definition, points At and Ab (i) have 
null displacements associated with the local deformation modes and (ii) retain 
their relative positions related to the global (rigid-body) deformation modes. 
The GBT beam finite element developed by Camotim et al. (2008) is used 
to determine the batten plate number and locations that maximize the beam 
distortional buckling resistance, i.e., increase its critical buckling load the most. 
Taking advantage of the GBT modal features, the achievement of this goal can 
be monitored through the contributions of the distortional deformation modes 5 
and 6 (fig. 4(b)) to the beam critical buckling mode, which are to be minimized. 
Figure 6(a) concerns the critical buckling behavior of the unrestrained beam 
(no batten plates) and shows the corresponding GBT mode amplitude 
functions. As for figure 6(b), it shows two 3D views of the critical buckling 
mode shape provided by an ANSYS analysis (beam discretised into fine 
SHELL181 finite element meshes). Besides noting the closeness between the GBT 
and ANSYS critical buckling loads (Pcr.GBT=34.19 kN and Pcr.ANSYS=34.06 kN − 
difference of 0.38%), the following remarks are appropriate: 
(i) The beam critical buckling mode combines (i1) a single half-wave global 
modes (3-4) with (i2) three half-wave distortional modes (5-6). 
(ii) Figure 6(a) shows that deformation mode 5, which provides the dominant 
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 (a) (b) 
Fig. 6: Unrestrained beam critical buckling mode shape: (a) GBT deformation 
mode amplitude functions and (b) two views of the Ansys 3D configuration 
507
 amplitude at mid-span (x2=100.00cm) and also (ii2) relevant amplitudes at 
x1=41.25 cm and x3=158.75 cm. There are also sizeable participations from 
deformation modes 3 and 6. 
(iii) Since the amplitude functions of deformation modes 5 and 6 have opposite 
signs, the top flange rotations stemming from them are additive (see fig. 
4(b)), which explains why this flange exhibits a very pronounced rotation 
associated with the beam critical buckling mode (see fig. 6(b)). 
(iv) Since the flange rotations are not symmetric along the beam length, it is 
not easy to identify the cross-sections whose deformed configurations 
exhibit a higher level of distortional deformation (see fig. 6(b)). 
Since the restraining procedure aims at reducing the relative displacements 
between the flange-lip longitudinal edges, thus raising the beam distortional 
buckling resistance, the next logical step is to analyze the buckling behavior 
of beams with batten plates judiciously located at the cross-sections where 
deformation modes 5 and 6 exhibited higher combined amplitudes. Two 
restrained beams are considered, having batten plates (i) only in the mid-span 
cross-section or (ii) in the three cross-sections indicated in figure 6(b). 
In the GBT buckling analyses, the batten plates are modeled by imposing that 
the distance between the restrained cross-section flange-lip corners (points At 
and Ab in fig. 5(b)) must remain unaltered3. In the ANSYS analyses, on the other 
hand, the batten plates are modeled by means of BEAM3 beam finite elements4. 
Since both models are mechanically similar, its makes all the sense to compare 
the results yielded by each of them. Figures 7(a)-(b) and 8(a)-(b) provide critical 
buckling mode representations of the beams restrained by 1 and 3 batten plates: 
(i) GBT modal amplitude functions and (ii) ANSYS 3D views. Figure 9 shows 
the buckled top and bottom flange-lip longitudinal edges of the unrestrained 
and restrained beams. These buckling results prompt the following comments: 
(i) The GBT and ANSYS critical loads virtually coincide again for 1 batten 
plate (Pcr.GBT=37.84 kN and Pcr.ANSYS=37.91 kN − 0.18% difference) and 3 
batten plates (Pcr.GBT=43.59 kN and Pcr.ANSYS=43.02 kN − 1.32% difference): 
critical load increases of 10.7% (1 batten plate) and 27.5% (3 batten plates). 
                                                          
3
 This modeling is clearly not very accurate for wide batten plates. A more precise alternative, not 
attempted in this work, would be to impose this restraint at several closely spaced cross-sections in 
the beam segment “covered” by the batten plate. 
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 (a) (b) 
Fig. 7: Critical buckling mode shape of the beam restrained by one batten plate: 


















 (a) (b) 
Fig. 8: Critical buckling mode shape of the beam restrained by three batten plates: 
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Fig. 9: Top (v1(x)) and bottom (v2(x)) flange-lip longitudinal edge vertical displacements 
 
(ii) The participation of mode 5 in the beam critical buckling mode remains 
the most relevant for he single mid-span batten plate − the higher values, 
occurring near the x1 and x3 cross-sections, are still fairly large (see fig. 
7(a)). The addition of two batten plates alters this, as the participation of 
mode 5 is considerably reduced − the key role shifts to the global mode 3 
(minor axis flexure), with the higher amplitude at mid-span (see fig. 8(a)). 
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Then, it is logical to assume that batten plates at the x1, x2, x3 cross-sections 
provide an “optimal bracing” against the beam distortional buckling. 
(iii) The amplitude functions of modes 4, 7, 8 are practically not altered by 
adding either 1 or 3 batten plates5, which is not conceptually surprising: 
the batten plates only block the distance between the flange-lip corners (of 
the corresponding cross-sections) − this distance remains unchanged in 
the configurations of these three deformation modes6. 
(iv) Figure 9 confirms that adding the batten plates clearly reduces the flange-
lip longitudinal edge vertical displacements v1(x) and v2(x) − e.g., either 1 
or 3 batten plates lead to a 91.5% mid-span decrease (w.r.t. the 
unrestrained beam). Note also that, at the restrained cross-sections, the v1 
and v2 values are equal, opposite and extremely small (virtually null). 
After knowing the “optimal bracing”, it is important to assess how the batten 
plate width affects its efficiency. This is done by means of ANSYS SFEA, 
assuming the batten plate centre lines to coincide with their “optimal” locations. 
The curve in figure 10(a) shows the variation of Pcr with the batten plate width, 
for 3 batten plates. The critical buckling mode of the beam with 10.0 cm wide 
batten plates is shown in figure 10(b). It may be readily concluded that: 
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ANSYS - 3 batten plates
GBT - 3 batten plates
GBT - no batten plates
  
 (a) (b) 
Fig. 10: “Optimally braced” beam: (a) variation of Pcr with the batten plate width and (b) 
beam critical buckling mode shape of the beam restrained by 10.0cm wide batten plates 
                                                          
5
 Since the various amplitude functions are normalised differently in figures 6(a), 7(a) and 8(a) 
(unitary maximum values), they can only be compared qualitatively (not quantitatively). 
6
 Obviously, the “real” (physical) batten plates also affect the beam torsional behaviour. However, 
this effect is not taken into account by the GBT analyses, as no restraint is imposed to mode 4 − the 
batten plates are deemed to have null bending stiffness (only its axial stiffness is considered). 
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 critical loads are practically identical (0.44% difference). Even with this 
tiny batten plate width, the “optimal bracing” increases the distortional 
critical load by 27.5%. Widening the batten plates from 1.0 to 10.0 cm 
causes a Pcr increase of about 12.6%7. Thus, the batten plate locations have 
a higher impact the beam critical buckling load than their width. 
(ii) Figures 8(b) and 10(b) show how similar are the ANSYS critical buckling 
modes concerning the beams with 1.0 and 10.0 cm wide batten plates. 
RHS Portal Frames 
The major difficulty involved in applying GBT (or any other beam model) to 
the analysis of thin-walled frames lies in the appropriate handling of the 
joint behavior. It is indispensable to consider simultaneously (i) the warping 
transmission stemming from torsional and/or distortional deformations, and (ii) 
the compatibility between the transverse membrane and flexural displacements 
of the connected member end sections. Moreover it also necessary to simulate 
the influence of the connections and restraints associated with the presence of 
bracing systems. In order to overcome the above difficulties, a GBT-based 
beam finite element approach was developed and numerically implemented, 
making it possible to assess the first-order and buckling behavior of plane and 
space thin-walled frames (i) built from open-section or RHS members, (ii) with 
and without localized supports due to bracing systems, (iii) exhibiting various 
joint configurations and (iv) acted by loadings causing non-uniform internal 
force and moment diagrams. This work was recently reported and was mostly 
done by Basaglia et al. (2008, 2009, 2010) and Basaglia and Camotim (2010). 
In this work, the local and global buckling behavior of the symmetric portal 
steel (E=205 GPa and v=0.3) frame depicted in figure 11, (i) formed by three 
orthogonal RHS members (A, B, C) with identical cross-sections and (ii) 
subjected only to axial compression, caused by equal loads P applied at the 
joints. The frame has fixed column bases and its in-plane behavior corresponds 
to minor axis bending. Figure 12 shows the dimensions and GBT discretization 
of the RHS considered − the latter leads to (i) 20 conventional (3 global, 1 
distortional and 16 local), (ii) 1 cell shear flow (torsion) and (iii) 18 warping 
shear modes (Silva et al. 2008). Note that the torsion mode is not conventional 
in closed-cell cross-sections, as it does not comply with Vlasov’s assumption 
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 Wider batten plates amount to having longer “closed” beam segments with much higher bending 






































Fig. 12: RHS dimensions and GBT discretization 
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 Local Warping Torsion 
Fig. 13: Main features of the most relevant RHS deformation modes 
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(u
,s+v,x≠0) − Bredt’s membrane shear strains are handled separately. Figure 13 
shows the main features of the most relevant 9 conventional (1-3 + 5-10), 1 cell 
shear flow (4 − torsion) and 3 warping shear (22, 25, 26) deformation modes. 
The cell shear flow mode concerns the closed cell rigid-body rotation (v(s)≠0 
and w(s)≠0) and is associated with a uniform shear flow around the cell walls. 
The warping shear modes concern the non-linear variation of the shear flow 
along the cross-section mid-line (warping only, as the cross-section experiences 
no in-plane deformation). 
Frames with two different wall thickness values are analyzed: t=3.0 mm and 
t=6.0 mm. Their buckling behaviors are presented and discussed next. Figure 
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Fig. 14: ANSYS critical buckling mode and GBT modal amplitude functions (t=3.0 mm) 
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 ANSYS GBT 
Fig. 15: ANSYS and GBT views of the buckled frame joint region 
 
configuration and (ii) corresponding two GBT modal amplitude functions. 
The observation and comparison between the buckling results yielded by the 
two numerical models prompt the following main remarks: 
(i) First of all, the two critical loads obtained virtually coincide once more: 
Pcr.GBT=370.3kN and Pcr.ANSYS=381.3kN − 2.9% difference. 
(ii) There is also very close agreement between the GBT modal amplitude 
functions and the buckled shape obtained from the ANSYS analysis − 
different representations of a well defined local mode. However, it can be 
argued that the GBT one provides better insight on the frame buckling 
mechanics. The ANSYS and GBT 3D representations of the buckled frame 
joint region, shown in figure 15, evidence the striking resemblance between 
the buckling mode shapes yielded by the two analyses − recall that the 
GBT view stems from the results of a beam finite element analysis. 
(iii) The frame anti-symmetric local buckling mode involves all the members 
and exhibits 12 half-waves per column and 6 half-waves in the beam. 
(iv) Only local modes 6 and 7 (see fig. 13) contribute visibly to the frame 
critical buckling mode, even if the participation of mode 6 is clearly 
dominant − note that the mode 7 contribution is amplified ten times. The 
more relevant (local) deformations occur in the column central regions 
and, as expected, the beam deformations are noticeably smaller. 
Table 1 shows t=6.0 mm frame critical buckling loads calculated through GBT 
and ANSYS analyses − the various GBT values correspond to the inclusion 
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of different (selected) deformation mode sets in the buckling analysis, ranging 
from only 2 modes up until all the 39 modes. For each deformation mode set, 
Table 1 indicates the number of d.o.f. involved and also the percentage 
error with respect to the ANSYS value, obtained with 22600 d.o.f. Figure 16 shows 
two representations of this frame critical buckling mode: (i) the ANSYS 3D 
view and (ii) the GBT modal amplitude functions, along the three members, 
obtained from the buckling analysis including all 39 deformation modes. These 
buckling results make it possible to draw the following conclusions: 
(i) The inclusion of deformation modes 3 (minor axis bending) and 1 (axial 
extension), which corresponds to performing an in-plane global buckling 
analysis, leads to a large overestimation of the frame critical buckling load 
(72.1% error). This indicates that the frame critical buckling mode either 
is spatial (global) and/or involves cross-section deformation. 
(ii) If deformation modes 2 (major axis bending) and 4 (torsion) are added, 
which amounts to performing a spatial global buckling analysis, Pcr is 
much lower: the overestimation is now of 14.1%, which also confirms that, 
the frame critical buckling mode involves cross-section deformations. 
(iii) The addition of either (iii1) only the distortional (5) or (iii2) the distortional 
and the local (5−10) deformation modes has a minute impact on Pcr (the 
error decreases by mere 0.3%), thus meaning that the contributions of the 
above local deformation modes to the frame critical buckling mode are 
negligible. But these results also show that the Pcr overestimation stems 
almost exclusively from the absence of the shear deformation modes. 
(iv) Considering the deformation mode set 1−5+22 leads to a critical buckling 
load virtually coincident with the ANSYS value − the error is 0.1%. 
 
Table 1: GBT and ANSYS frame critical buckling loads (t=6.0 mm) 
GBT ANSYS 
Mode set Pcr (kN) d.o.f. Pcr (kN) d.o.f. 
∆ 
(%) 
1+3 1622.8 324 72.1 
1+2+3+4 1075.8 648 14.1 
1+2+3+4+5 1072.7 810 13.8 
1−10 1072.5 1620 13.8 
1−5+22 941.7 972 -0.1 
1−5+22+25+26 927.4 1296 -1.6 














































Fig. 16: ANSYS critical buckling mode and GBT modal amplitude functions (t=6.0 mm) 
 
(v) Finally, considering the deformation mode set 1−5+22+25+26 leads to the 
lowest GBT-based Pcr value (practically identical to that obtained with 
all the 39 deformation modes), which underestimates the ANSYS value 
by 1.6% − most likely, the joint modelling adopted in the GBT analyses is 
slightly more flexible than its ANSYS counterpart. The member modal 
amplitude functions displayed in figure 16 concern this buckling analysis. 
(vi) Therefore, a GBT buckling analysis including only the 8 deformation 
modes indicated in the previous item (i.e., 1296 d.o.f.) yields frame critical 
buckling load and mode shape practically coincident with those provided 
by the ANSYS analysis, in spite of the large disparity between the numbers 
of d.o.f. involved (a ratio of about 17). Figure 17 shows in-plane 2D ANSYS 
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and GBT views of the column buckled cross-section located at XA=26 cm. 
The five most relevant modal contributions to this buckled shape are also 
indicated − they provide clear insight into the mechanics of this frame 
buckling behavior, notably on the contribution of cross-section distortion 
(given explicitly by the participation of mode 5). 
(vii) The frame critical buckling is predominantly flexural-torsional (major 
contributions from modes 2 and 4, higher at the frame joints). There are 
also a non-negligible participation from the warping shear mode 22 and 
small contributions from the distortional mode 5 and two other warping 








Modal contribution of the GBT modes 
 
ANSYS 
XA=26cm column  




Fig. 17: XA=26 cm column cross-section buckled configuration: (i) GBT and ANSYS 
views, and (ii) associated GBT modal decomposition 
Roof-Supporting Trusses 
The thin-walled steel trusses commonly used in the construction industry to 
support roof structures are mostly built from open-section members with their 
end sections connected through pinned joint arrangements, often consisting of 
bolts joining the webs and/or flanges. Rigorous analyses of such trusses must 
(i) account for local (and distortional, if necessary) buckling effects, and (ii) be 
able to handle the pinned joint displacement compatibility. In this context, the 
authors (Basaglia and Camotim 2011) recently improved an existing GBT-
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based beam finite element approach, making it capable analyzing the local, 
distortional and global buckling behavior of plane thin-walled trusses built 
from open cross-section members and exhibiting various joint configurations. 
As in the case of frames, this approach includes (i) a “joint element” concept, 
relating the joined member GBT d.o.f. to the joint generalized displacements, 
and (ii) constraint conditions ensuring local and distortional displacement 
compatibility at the truss joints. 
The application and capabilities of the above GBT approach are illustrated here 
through the presentation and discussion of numerical results concerning the 
local and global buckling behavior of simple plane trusses with the geometry 
depicted in figure 18. They are (i) formed by two chords (U100×50×3.0 cross-
section) and two diagonals (U90×45×1.7), all subjected to (in-plane) minor axis 
bending, and (ii) acted by two equal vertical loads P applied at the upper chord-
diagonal joints − all truss and cross-section dimensions are given in Figures 18 
and 19(a). Figure 19(b) shows the in-plane shapes of the 8 GBT deformation 
modes relevant to the truss buckling behaviors analyzed in this work. 
Two truss heights are considered: h=700 mm (short truss) and h=1050 mm (tall 
truss). In both cases, (i) the chords have locally and globally pin-ended supports 
with free warping, and (ii) the diagonals are connected to the chords through 
bolt pairs with a common axis passing through their cross-section centroids. 
Figure 20(a) shows in detail a diagonal-chord joint: the bolts connect the flange 






















     
 
Truss h (mm) a (mm) b (mm) c (mm) d (mm) 
Short 700 300 1200 
Tall 1050 750 300 75 1650 












U100×50×3.0 100 50 3.0 
U90×45×1.7 90 45 1.7 
 








 (a) (b) 
Fig. 19: Plain channel section (a) geometry and GBT discretization, and (b) in-plane 
shapes of the 8 most relevant deformation modes 
 
the two members may rotate freely about the common bolt axis. Displacement 
compatibility is ensured by (i) placing a “joint element” at mid-height between 
the two bolts and (ii) enforcing constraint conditions (ii1) concerning the 
equality of the transverse bending displacements at the bolted region and (ii2) 
involving the four mid-surface points shown (Basaglia and Camotim 2011). 
Note an obvious limitation of this approach: the constraint condition model 
does not account for the surface contact between the connected flanges. 
As before, the GBT buckling results are compared with ANSYS SFEA values, 
obtained by (i) discretizing the truss members into fine SHELL181 element 
meshes and (ii) modeling the bolted pinned joints through coupling the d.o.f. 























Fig. 20: (a) Truss joint connecting plain channel members and (b) joint nodes 
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axial force and minor-axis bending moment occur in the diagonals and lower 
chord, respectively (see fig. 21) − while the former is more relevant in the tall 
truss (25% higher than in the short truss), the latter prevails in the short truss 
(about three times higher than in the tall truss). Thus, the short and tall truss 
instabilities are triggered by the (i) lower chord local buckling and (ii) diagonal 
global buckling, respectively − the two truss geometries were selected to enable 










N1 N2 N3 N4 M1 M2 
Truss (kN) (kNcm) 
Short − 0.50 − 0.93 − 0.93 + 0.50 16.53 23.39 
Tall − 0.63 − 1.16 − 1.16 + 0.63 1.88 7.32 
Fig. 21: Axial force and bending moment diagrams of the short and tall trusses  
 
Figures 22 (a)-(b) and 23 (a)-(b) show ANSYS (3D views) and GBT (modal 
amplitude functions along the various members) of the short and tall truss 
critical buckling modes. Note that the GBT analyses (i) include 10 deformation 
modes (the in-plane shapes of 8 of them are depicted in fig. 19(b)) and (ii) 
involve longitudinal discretizations into 82 finite elements (18 in the upper 
chord, 40 in the lower chord and 12 in each diagonal), which amounts to a total 
of 1720 degrees of freedom. On the other hand, the ANSYS shell finite element 
model involves more than 43700 (short truss) and 50600 (tall truss) d.o.f.. Even 
if no special effort was made to minimize the ANSYS d.o.f. numbers, they are 
again orders of magnitude apart from those required to perform the GBT 
analyses − which, in addition, provide in-depth insight on the truss buckling 
mechanics. The observation of the critical buckling loads and mode shapes 
provided by the GBT and ANSYS analyses, as well as the comparison between 
them, prompts the following remarks: 
(i) First of all, there is an excellent agreement between the critical load pairs. 
Indeed, (i1) Pcr.GBT=16.23 kN and Pcr.ANSYS=16.04 kN (1.2% difference), for 
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the short truss, and (i2) Pcr.GBT=46.57 kN and Pcr.ANSYS=44.92 kN (3.7% 
difference), for the tall truss. 
(ii) There is also very close agreement between the GBT and ANSYS critical 
buckling mode representations displayed in figures 22 and 23, and the 
former provide again a structural insight that is virtually impossible to 
achieve through shell finite element results − e.g., the amount and 
nature of the local deformation involved in the buckled joint region 
can be readily assessed by merely looking at figures 23(a)-(b). 
(iii) While only symmetric local deformation modes (5 and 7) contribute to the 
short truss buckling mode, its tall truss counterpart involves both global 
(2 and 4) and anti-symmetric local (6 and 8) deformation modes. 
(iv) In the short truss, instability is triggered by the local buckling of the lower 
chord span comprised between the two diagonals, which is subjected to 
high sagging moments. Since only the flange tips are under compression, 
buckling involves mainly the flanges and barely occurs in the web. The 





Short Truss Tall Truss 
Detail A Detail B 
 
Fig. 22: (a) Short and (b) tall truss ANSYS critical buckling mode shapes and enlarged 




























































































XA (cm) XB (cm) 



































8 ×  (10)
 




Fig. 23: (a) Short and (b) tall truss ANSYS critical buckling mode shapes and enlarged 
lower chord/diagonal joints 
 
 from the symmetric modes 5 and 7 (iv1) oppose each other in the web 
and (iv2) reinforce each other in the flanges − see figures 19(b) and 23(a). 
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(v) In the tall truss, instability is triggered by the global (flexural-torsional) 
buckling of the highly compressed diagonals. There is a major contribution 
from mode 4 and also a relevant participation from mode 2 (both with 
maximum values at the diagonal mid-spans). The local deformations, 
involving the participations of the anti-symmetric modes 6 and 8, are 
restricted to the (upper and lower) chord and diagonal regions near the 
joints. The anti-symmetric nature of this local deformation stems from the 
diagonal torsion, forcing the chord (mostly) and diagonal flanges to rotate 
in the same direction near the joints, thus causing double curvature bending 
in the webs − recall the shapes of modes 6 and 8, shown in figure 19(b). 
(vi) The upper chord plays virtually no role in the buckling mechanics of both 
trusses. Indeed, its deformations are either null (short truss) or restricted to 
the joint close vicinity (tall truss). 
Finally, figures. 24(a)-(b) show 3D representations of the short truss lower 
chord, obtained from GBT beam (1D) and ANSYS shell (2D) finite element 
models. Note the remarkably close agreement between the two representations, 
in spite of the huge disparity between the d.o.f. numbers required to achieve 





Fig. 23: (a) GBT and (b) ANSYS 3D views  of the short truss lower chord buckled region 
Conclusion 
This paper presented and discussed numerical results concerning the use of 
GBT-based beam finite element models to analyze the buckling behavior of 
three thin-walled steel structural systems, namely beams belonging to storage 
rack systems, orthogonal RHS frames and roof-supporting trusses, exhibiting 
different support conditions and subjected to various loadings. These results 
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provided ample evidence of the capabilities and potential of the GBT modal 
approach to structural analysis, particularly in terms of (i) numerical efficiency 
(the d.o.f. numbers involved are quite small − orders of magnitude apart from 
those required by similarly accurate SFEA) and, mostly, (ii) acquisition of in-
depth insight on the mechanics of the instability phenomena being studied. 
Initially, GBT analyses were employed to determine the “optimal bracing” 
against distortional buckling (batten plate locations) of storage rack beams 
acted by transverse point loads directly transferred from pallets. Then, attention 
was devoted to the local and global buckling behavior of RHS orthogonal 
portal frames formed − two wall thickness values were considered. Finally, the 
paper closed with the buckling analysis of plane trusses (plain channel chords 
and diagonals connected by pinned joints) − depending on the truss geometry, 
instability was found to be triggered by either chord local buckling or diagonal 
global buckling. For comparison and illustration purposes, ANSYS SFEA 
results were also included in the paper. Despite the d.o.f. number disparity, 
the GBT and ANSYS critical buckling loads and mode shapes were shown 
to virtually coincide in all cases, confirming the high numerical efficiency of the 
GBT approach. Moreover, it was shown that the mechanical insight provided 
by the GBT modal solutions cannot be achieved by the ANSYS SFEA results. 
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